Island coalescence during Volmer-Weber thin film growth is generally accepted to be a source of tensile stress. However, the stochastic nature of unpatterned film nucleation and growth prevents meaningful comparison of stress measurements taken during growth to that predicted by theoretical models. We have overcome this by systematically controlling island geometry using selective growth of Ni films on patterned substrates via electrodeposition. It was determined that the measured power-law dependence of mean stress on island size agreed well with theory. However, our data clearly demonstrates that the majority of the tensile stress associated with coalescence actually occurred after the initial contact of neighboring islands as the film planarizes with additional deposition.
I. INTRODUCTION
The effective mechanical properties of a material are highly dependent upon the residual stress state introduced during fabrication. This is particularly true for thin films where the residual stress can be a significant portion of the yield strength. Unfortunately, the evolution of intrinsic stress during deposition of Volmer-Weber thin films is quite complex and still highly debated. [1] [2] [3] The only region where there is a consensus as to the mechanism is during island coalescence, where tensile stresses have been observed to exceed one gigapascal. 4 Conceptually, tensile stress is generated when adjacent islands initially touch one another, and then elastically deform to contact over a finite area in order to reduce the overall surface energy. Existing theoretical models for coalescence stress all determine the mean tensile stress in mechanical equilibrium, as a function of island size and geometry at the moment of coalescence. 1, [4] [5] [6] [7] [8] However, computational necessity requires use of highly simplified island geometries with uniform sizes and simultaneous coalescence. In real films, coalescence events are stochastically distributed in time and occur among islands with a broad range of sizes and shapes. Furthermore, multiple mechanisms for stress generation can be operating at the same time. As a result, it is not possible to quantitatively equate theoretical predictions for the tensile coalescence stress with existing measurements in stochastically nucleated films and a meaningful comparison is only obtainable when island geometries are systematically controlled.
We obtain both the functional dependence of mean tensile stress on island radius, and the absolute magnitude of the stress, by measuring stress changes during electrodeposition of Ni islands where the coalescence process was constrained via lithographically-defined island nucleation sites and selective-area growth ͑Fig. 1͒. We demonstrate that the experimentally measured coalescence stress is in good agreement with the predictions from the Hertzian contact model of Freund and Chason 7 and with two-dimensional finite element ͑FE͒ analysis. We have also determined that the initial coalescence stress was the minority component of the total stress created during the coalescence and planarization of the film. This determination lays the groundwork for future analysis of the postcontact stress generation process, which is considerably more complex ͑and beyond the scope of this paper͒.
FIG. 1. ͑a͒ Schematic of an idealized cylindrical structure, ͑b͒ ion channeling focused ion beam ͑ICFIB͒ cross-section image of actual structure prior to coalescence, and ͑c͒ ICFIB image of the actual structure after coalescence. Note, the islands were coated after electrodeposition with Pt for processing in the FIB.
II. EXPERIMENTIAL TECHNIQUES
Motivated by recent models for coalescence stress by Freund and Chason 7 and by Nix and Clemens, 6 we chose to experimentally evaluate the "two-dimensional" coalescence geometry, where the islands were idealized as an array of parallel half-cylinders, as shown in Fig. 1͑a͒ . In order to accomplish this, periodic trench arrays were patterned into a photoresist layer to expose a 1500 Å thick Au nucleation layer. This Au film was grown on a Ti adhesion layer on a thermally oxidized Si ͑001͒ substrate. Island size was controlled by varying the spacing of the trenches, while keeping the nominal trench pitch-to-width ratio ͑d pitch / d trench ͒ = 2.65. The effective cylinder radii, R, ranged from 0.3 m to 26 m. Ni films were potentiostatically electroplated from an additive-free Ni-sulfamate bath at 40°C. Prior to electrodeposition of the coalescence samples, the bath was conditioned at 10 mA/ cm 2 for 4 h to remove trace ionic contaminants such as Fe and Co. Additionally, ultrahigh purity N 2 was bubbled through the bath for a minimum of 24 h, which increased run-to-run reproducibility. The plating efficiency was determined by comparing the Faradic current to thicknesses measured using Rutherford backscattering spectrometry. During deposition, the substrate curvature induced by thin-film stress was measured using laser deflectometry, 3 with the wafer clamped in a cantilever configuration. Because film thicknesses were often an appreciable fraction of the substrate thickness, the usual Stoney's equation did not hold, and the following relation for curvature ͑͒ was used:
where H is the ratio of the film thickness ͑h f ͒, to the substrate thickness ͑h s ͒, is the mean film stress, and Y is the ratio of the film modulus to the substrate modulus. Young's modulus was used rather than the biaxial modulus due to the uniaxial loading geometry used here.
III. RESULTS
Figures 1͑b͒ and 1͑c͒ demonstrate the selective lateral growth that can be obtained using electrodeposition. At coalescence, the islands were not true half-cylinders, as shown in Figs. 1͑b͒ and 1͑c͒, and we will account for this in our analysis. Figure 2 shows the measured evolution of "stressthickness," h f , calculated from curvature using Eq. ͑1͒. In the figure, Ni was electrodeposited into an array of trenches that yielded nominally 4.2 m radius cylinders ͓with the radius as defined in Fig. 1͑b͔͒ . The first rise in the tensile stress was the result of random Ni nucleation and coalescence within the trenches themselves to form the Ni lines. The second tensile rise was due to the coalescence of adjacent cylindrical islands, and was the stress change that we analyzed. In order to do this, we found it necessary to differentiate between the stress created during the initial coalescence event and the subsequent stress created as the film evolved from cylinders towards a planar surface.
During potentiostatic deposition plating current is linearly proportional to the surface area. Therefore, since the surface roughness of a film is maximum at the moment of coalescence there must be a corresponding maximum in the plating current at the same moment. To quantify this we developed a geometric model that predicts the evolution of the surface area and in turn, the deposition current of a cylindrical geometry as shown in Fig. 3 . Prior to coalescence, the surface is given by the sum of two quarter cylinders and the trench that grow radially outwards due to the growth direction being normal to the growth surface during electrodeposition ͓Fig. 3͑a͔͒. This results in the total current ͑I tot ͒ of the wafer prior to coalescence being
where, r is the island radius, n tr is the number of trench across the samples, w s width of the sample, w tr width of the trench, dr / dt is the deposition rate, and dq / dV is the plating efficiency measured to be 3.7ϫ 10 7 mC/ cm 3 from RBS 3 . Idealized cross-sectional geometry used in current evolution model, ͑a͒ prior to coalescence, ͑b͒ postcoalescence.
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thickness measurement of unpatterned films. After contact, the islands asymptotically approached a planar surface due to the overlapping of the cylinder ͓Fig. 3͑b͔͒ with the total current being equal to
where R is the radius of the islands when they coalesced. Figure 4 is an overlay of the predicted ͑dashed line͒ and measured ͑solid line͒ currents for a single representative experiment. The only fitting parameter was the position of the maximum current, which was required because the plating rate is larger than the steady-state value during the formation of the diffusion zone. This initial increase in the deposition rate causes the peak to occur earlier than was predicted by a constant deposition rate. In comparing, the modeled and measured current two main features are apparent, rounding of the measured peak current and a higher asymptotic current. Rounding of the peak in the measured current was likely the results of variation in the thickness of the photoresist, variation in the trench width across the samples, and surface roughness, where as the difference between the measured and predicted asymptotic currents is likely the result of the increased surface area due to surface roughness. For the sample used in Fig. 4 the difference between the asymptotic currents was ϳ12%, where as AFM measurements of the surface indicated the surface area was ϳ6% larger than a planar film, which is reasonable considering the reduction in the measured surface roughness due to the finite radius of curvature of the AFM tip. Figure 4 demonstrates that the moment of initial coalescence corresponds to the maximum surface area of the film. Therefore, the change in stress-thickness due to the initial coalescence of the islands was determined as the deviation in stress-thickness from the background level to the point of maximum current, as shown in Fig. 2 . The remainder of the tensile rise was the result of continual coalescence of the islands during subsequent deposition and planarization. Our data demonstrates that the majority of the tensile stress was actually the result of postcontact coalescence processes. Similar behavior has been observed during chemical vapor deposition of unpatterned diamond films and was attributed to the continual coalescence of faceted grains. 10 Our results support the generality of that observation. The detailed understanding of continual coalescence requires significant additional experimentation and analysis, which will be reported in future work. Figure 5 summarizes our results for the measured stress associated with initial coalescence as a function of the island contact radius. This volume-average stress was obtained by dividing the total change in stress-thickness due to coalescence, as defined above and in Fig. 2 , by the mean thickness determined from the plating current. 8, 11 On a log-log plot the data exhibits a roughly linear increase in mean stress with decreasing island radius. There is some negative deviation from linear behavior at smaller radii, which was typically associated with depositions where the very poor signal-tonoise ratio created unacceptably large error in the measured stress. Additionally, AFM measurements indicate that the relative roughness on surfaces of the half-cylinders was significantly larger for cylinder radii below 1 m ͑Fig. 6͒. Surface roughness decreases the contact area between islands, which reduces the measured stress. Therefore, in the follow- ing analysis we shall only consider samples with radii larger than 1 m for quantitative comparison with the analytical and FE models. The Freund and Chason model ͑FC͒ ͑Ref. 7͒ uses Hertzian contact theory to determine the volume average stress ͑ avg ͒ created within the islands as a function of the initial coalescence geometry of the island, e.g., blocks, cylinders, or hemispheres. Our experiments used cylinders with their axes parallel to the substrate, whereas FC used cylinders with their axis of symmetry normal to the substrate. This required a slight modification to the FC model as follows.
IV. DISCUSSION
According to FC the total contact force per unit length ͑P͒ for the general case for cylinder contacting under plane strain along their axis of symmetry is given by
where p the normalized contact force for cylinders and was determined by FC to equal 0.3, Ē is the plane strain modulus, ϵ 2␥ / Ē , and ␥ is the difference between the surface energy and half the grain boundary energy, i.e., the energy of the interface between the coalesced islands. The volume average stress is found by dividing the contact force per unit area by the mean film height for the modified geometry, which for a half cylinder is given by R / 4. Therefore, the volume average stress for a cylinder with its axis parallel to the substrate is
.
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This volume average stress, for half cylinders coalescing with their axis of symmetry parallel to the substrate, is twice that of cylinders with their axis perpendicular to the substrate. However, the power-law dependence of the predicted stress with island radius is the same for both geometries and equal to −2 / 3. As shown in Fig. 1 , the true geometry of the coalescing islands used in these experiments was more complex than the idealized analytical model due to the additional block of material in and above the trench. This had two effects on the volume average stress: First, it decreased the number of boundaries formed per unit area causing an overall decrease in the magnitude of the volume average stress. Second, the material above the trench acted as a "shear-lag zone" that transmitted the stress to the substrate, which acted to increase the volume average stress. 2D FE modeling was used to quantify the effect of the material in and above the trench on the functional dependence of the volume average stress on island radius. The details of using FE to model island coalescence have been presented elsewhere. 12 Two geometries were compared using FE modeling: ideal half cylinders ͓Fig. 1͑a͔͒ and the actual island structure ͑Fig. 7͒. We found no significant variation in the functional dependence of stress on island radius ͑slope of −0.76 to −0.74͒ as a result of the different geometries and only a slight decrease in the magnitude of the stress with the addition of the trench and photoresist. This result supports the use of a simplified geometry ͑pure cylinders͒ in the FC model. In calculating the theoretical stress shown in Fig. 5 no fitting parameters were used and both the FE and FC models were calculated assuming ␥ = 1.85 J / m 2 , 13 and Ē = 200 GPa ͑measured in our films using nanoindentation͒. It should be noted that both the FE and the analytical models predict the maximum possible stress created during initial coalescence and any error in ␥ or Ē would result in a shift in the magnitude of both curves and cannot be used to explain the difference between the results. Mechanisms such as incomplete coalescence due to surface roughness or localized yielding will always act to reduce the observed stress. Additionally, the slight difference in the exponents between the FE ͑−3/4͒ and the Hertzian models ͑−2/3͒ was likely the result of the lack of an exact solution for the force distribution in contacting cylinders used in the Hertzian model. 7, 14 Figure 5 compares the calculated coalescence stress for the FE ͑dashed line͒ and the FC ͑solid line͒ models with the experimentally measured initial coalescence stress. In comparing theory vs data, we consider the power-law behavior and the absolute stress magnitudes independently, because the magnitude depends on materials properties whereas the power-law behavior is solely a function of geometry. The observation that the stress magnitudes of the measured data and FE results are similar might appear fortuitous, because there is considerable uncertainty in the surface and grainboundary energies used in the models and because of potential surface roughness effects. However, since the observed stress was of a similar magnitude to the predicted stress, which is an upper bound, it is reasonable to conclude that any reduction in the initial coalescence area by surface roughness was minimal. More definitively, Fig. 5 shows that the power-law behavior predicted by both the FE and the FC models is within the experimental variation of the measured coalescence stress versus island radius for samples larger than 1 m ͑−0.70± 0.25͒. Furthermore, the data lie outside the predicted behavior for both slope and magnitude for the 1D and 3D coalescence geometries in the FC model. Therefore, the analytical models capture the dominant physical mecha- nisms underlying the generation of tensile stress during island coalescence.
V. CONCLUSION
In conclusion, using lithographically defined nucleation and selective area growth via electrodeposition, we have obtained the first meaningful comparison of experimentally measured stresses due to island coalescence with the stresses predicted by theory. These experiments yielded two main results: First, the measured initial coalescence stress had a functional behavior similar to that of the FC and FE models for coalescence stress. From this we conclude that both models correctly account for all of the dominant physical mechanisms active during the initial coalescence of islands. Second, the majority of the stress associated with island coalescence occurred during planarization of the films, not during the initial contact of the islands. This striking result had not been previously recognized in unpatterned metal films due to the inability to differentiate the stress created at the initial contact from that created during planarization.
